The crystallization kinetics of ceramics composed by Bi 2 O 3 -ZnO-Nb 2 O 5 (BZN) was studied using nonisothermal method. The BZN samples were prepared by the polymeric precursors method. Phase evolution was evaluated by X ray diffraction and the thermal events were evaluated by differential scanning calorimetry (DSC). The crystallization of BZN occurs from 500 to 700 °C, which corresponds to a secondary event in DSC curves. The principal exothermic event in these curves is related to the decomposition of organic material and was isolated from the crystallization peak by deconvolution into two Gaussian curves. Those related to crystallization processes were evaluated in terms of crystallized fraction. Kinetic parameters were determined from Ligero (E = 242 ± 7) kJ.mol -1 and Kissinger (E = 241 ± 24) kJ.mol -1 methodologies and they are very close. The activation energy Ea = (241 ± 24) kJ.mol -1 and (242 ± 7) kJ.mol -1 (by the Kissinger and Ligero methodology, respectively), frequency factor k 0 =10 13 .s -1 and exponent of Avrami n = (1.3 ± 0.1) were determined. The n value indicates that the crystallization is diffusion controlled, with decreasing nucleation rate. Scanning electronic microscopy showed the presence of nanoparticulated powder.
Introduction
The advances in communication technology, especially in wireless communication systems, are improved by miniaturization of devices. Dielectric materials for such applications must have relatively large dielectric constant, low tangent loss (tanδ), small temperature coefficient of capacitance (TCC), and low firing temperature 1 . Pyrochlore and pyrochlore-related compounds occurring in the Bi 2 O 3 -ZnO-Nb 2 O 5 (BZN) system has received special attention in the last years due to their high dielectric constants (ε), low dielectric losses, and compositionally tunable TCC. These properties, allied to low sintering temperatures (lower than 950 °C), make these compounds attractive candidates for applications in electrical systems, such as capacitors and high-frequency multilayer structures co-fired with metal electrodes 2 . The BZN system comprises two basic crystalline phases: a cubicpyrochlore-structure with the composition (Bi 1.5 Zn 0.5 )(Zn 0.5 Nb 1.5 ) O 7 (α-phase) and a low-symmetry-structure with the composition Bi 2 (Zn 1/3 Nb 2/3 ) 2 O 7 (β-phase). Their electrical properties are quite different (TCC is about -400 ppm/°C for the α-phase and +200 ppm/°C for the β-phase), which is an attractive feature in tunable temperature coefficient of capacitance devices 3 . In this paper, α-BZN nanopowder was synthesized by the polymeric precursor method, which is a chemical method based on the Pechini process 4 that has been successfully used for preparing several complex oxides [5] [6] . The goal of this paper is to study, for the first time, the α-BZN kinetics crystallization, and to determine the kinetic parameters for the crystallization process. Based on kinetic parameters and XRD analysis, a mechanism for α-BZN crystallization was proposed.
Experimental
BZN powder (α phase) was synthesized by the polymeric precursors, based on the Pechini method, as already reported elsewhere [7] [8] . CBMM, Brazil). The resin was kept on a hot plate until a viscous gel was formed, which was thermally treated at 300 °C for 4 hours (named as α-BZN precursor). The samples were treated at 400, 500, 600, 700, and 900 °C for 2 hours in an electrical furnace. Crystalline phases were analyzed by X ray diffraction (XRD) using an INEL curved position-sensitive detector operating with CuKα radiation. The α-BZN precursor was analyzed by differential scanning calorimetry (DSC) at heating rates of 5, 10, 20, 25, 30 K/min using a NETZSCH STA404 equipment. The measurements were carried on using 20 mg sample mass in Al 2 O 3 crucibles, under a 50 mL/min synthetic air flux. DSC data was treated by a deconvolution algorithm to produce two separated curves for each thermal event: the organic material decomposition and the α-BZN crystallization. The sample treated at 700 °C was evaluated by scanning electron microscopy (SEM) using a JEOL 6400 equipment. Figure 1 shows the crystalline phase evolution of α-BZN precursor treated at several temperatures. Samples treated at 300 °C are constituted only by an amorphous phase, at 400 °C it is verified the crystallization of the Bi 2 O 3 phase, but the amorphous phase is still present. α-BZN was formed at 500 °C at expense of Bi 2 O 3 , which is still present in the sample, and from 600 to 700 °C only the crystalline α-BZN pyrochlore phase is observed. Intermediary phases, such as BiNbO 4 or Bi 5 Nb 3 O 15 or a pseudo-orthorhombic pyrochlore phase, were not detected. From these results, one can conclude that at 600 °C the α-BZN crystallization process is completed, and α-BZN is the unique crystalline phase present in the sample.
Results
Insert in the Figure 2 it is shown the DSC curve together with a thermogravimetric (TG) one. These curves were obtained at the same experimental conditions described in the experimental section at heating rate of 5 K/min. It is possible to observe in TG curve that the weight loss process occurs by an unique step in the temperature range of 330-760 °C. In this temperature range it can also be observed the presence of two exothermic peaks (principal and secondary ones). The principal peak must be related to most exothermic event and the secondary one occurs at the same temperature range observed to BZN crystallization in Figure 1 . Hence it follows that the principal peak at DSC curve must be related to the oxidation process of the oxidation of organic materials and the secondary one must be related to BZN crystallization process. Figure 2 also shows the DSC curves of α-BZN precursor treated at 400 °C for 2 hours under several heating rate. The DSC results reveal two exothermic peaks: a major one, at around 500 °C, corresponding to the oxidation of organic materials, and a secondary one, at around 585 °C, corresponding to the crystallization process. These curves were treated by a deconvolution tool to isolate both events, and those curves related to the crystallization process are presented in Figure 3 . The heating rate (φ) and the peak temperature (T m ) are inserted in the Figure 3 , which shows that α-BZN crystallization occurs from 557 to 602 °C, depending on the heating rate, which is in accordance with XRD analysis. Figure 4 shows the crystallized fraction (x) as a function of time (t) for each DSC heating rate curve, determined for each curve by area under the peak, both determined by numerical integration. The starting temperature, T 0 , and the final temperature, T f , were determined for each curve. T 0 is the temperature, in the increasing side, which corresponds to 0.25% of the ∆H peak height, and T f is the temperature, in the decreasing side, which also corresponds to 0.25% ∆H peak height. They are related to initial time, T 0 , and final time, T f , respectively.
Discussion

Kissinger methodology
The Kissinger 9-11 methodology has been used to study the kinetic process of the non-isothermal crystallizations. This methodology is very simple, but it does not offer any information about Avrami's number and frequency factor. In order to verify the accuracy of Ligero method, the activation energy was determined from both: Kissinger and Ligero methods. The Kissinger methodology is illustrated in Equation 2. Where, φ is the heating rate, T m is the DSC peak temperature, E is the activation energy, R is the gas constant and C is a constant. T m and φ are taken from Figure 3 ; according to Equation 2 these values are used to make the plot in Figure 5 . The linear adjustment gives the angular coefficient, which is used to determine the activation energy (E = 241 ± 24 kJ.mol -1 ).
Ligero methodology
The Johnson-Mehl-Avrami-Kolmogorov 12-14 (JMAK) theory for isothermal crystallization is generally expressed by:
where: x is the crystallized fraction, t the time, k the rate constant, and n the Avrami exponent. k is related to temperature by the Arrhenius equation:
where: k 0 is the frequency factor, E the activation energy, R the gas constant, and T the absolute temperature.
Taking the first derivative of x in relation to t in Equation 3:
Eliminating the parameter t, the crystallization rate can be described as:
These equations are derived for isothermal crystallization processes; nevertheless if ln[k 0 f(x)], in Equation 7 , is constant, they can be used for non-isothermal processes [15] [16] . Substituting Equation 3 into Equation 5 and taking the logarithm, Equation (6) can be expressed by:
If k 0 f(x) is a temperature independent constant there is a linear relationship between ln( ) dx dt and 1 T . Consequently, E and k 0 can be determined. As a first approximation, an arbitrary value of E is assumed and applied in Equation 7 . From this equation k 0 f(x) is determined for each pair (T, dx dt ). The temperature interval in which k 0 f(x) remains constant with three significant digits is determined, obtaining a more accurate value for E. This reiterative process can be repeated several times and this procedure converges to a more and more accurate parameter E. In this work, the process was repeated three times, since the second and the third E values were the same. This procedure was carried out for each DSC curve giving the activation energy for the crystallization process for samples treated at 5, 10, 20, 25, and 30 K/min. Figure 6 shows a plot of ln( ) dx dt vs. 1 T after two reiterative processes, using data from the DSC curve obtained at 5 K/min. The Avrami exponent (n) was determined by Equation 8 
Once n was obtained, Equation (10) 
C stands for the average value of the ln[k 0 f(x)]. Table 1 shows the activation energy(E) methods, the Avrami exponent (n), and the frequency factor (k 0 ) determined from each DSC curve, and the average values for α-BZN crystallization process. The average value of the activation energy determined from Ligero method and that determined from Kissinger method are also showed in the Table 1 . One can observed that the activation energies determined from two completely different methods are very close.
The Avrami exponent average (n) is not an integer number. As suggested by Christian 17 it is an indication of a diffusion controlled process. In more details, Christian suggested that Avrami exponent in the range of 1 to 1.5 could be related to the diffusion controlled processes which mechanism has relation with the growth of particles with appreciable initial sizes.
According to Hu and Huang
18
, in Bi-Zn-Nb-O cubic pyrochlores, the concentration of the oxygen vacancies seems to be the rate-controlling factor for grain growth, which indicates that the concentration of oxygen interstitial is the main factor for the diffusion process. Also, according to Wilde and Catlow 19 diffusion mechanism is responsible for the ionic conductivity of some pyrochlore oxides at high temperature and it is related to oxygen ion vacancy mechanism. Figure 7 shows SEM images of α-BZN precursors treated for 2 hours at 700 °C. Even after this long thermal treatment, the images clearly reveal that the sample is composed of large agglomerated clusters, with dimensions of hundreds of nanometers. XRD analysis showed that α-BZN precursor calcined at 400 °C for 2 hours is constituted of highly crystalline Bi 2 O 3 and an amorphous phase.
Conclusions
α-BZN has been synthesized by the Pechini method, and the kinetic parameters of crystallization have been determined. The crystallization process occurs at temperature as low as 600 °C. The activation energy determined from Ligero method was (242 ± 7) kJ.mol -1 and that determined from Kissinger method was (241 ± 24 kJ.mol -1 ), the Avrami exponent was (1.3 ± 0.1), and the frequency factor was ~1x10
13
.s -1 . The crystallization process is diffusion controlled. 
